A combination of normal-incidence x-ray standing-wave ͑NIXSW͒ spectroscopy, x-ray photoelectron spectroscopy ͑XPS͒, scanning tunneling microscopy ͑STM͒, and density-functional theory ͑DFT͒ has been used to investigate the interaction of a number of phthalocyanine molecules ͑specifically, SnPc, PbPc, and CoPc͒ with the Ag͑111͒ surface. The metal-surface distances predicted by the DFT calculations for SnPc/Ag͑111͒ ͑2.48 Å͒ and CoPc/Ag͑111͒ ͑2.88 Å͒ are in good agreement with our NIXSW experimental results for these systems ͑2.31Ϯ 0.09 and 2.90Ϯ 0.05 Å, respectively͒. Good agreement is also found between calculated partial density-of-states plots and STM images of CoPc on Ag͑111͒. Although the DFT and Pb 4f NIXSW results for the Pb-Ag͑111͒ distance are similarly in apparently good agreement, the Pb 4f core-level data suggest that a chemical reaction between PbPc and Ag͑111͒ occurs due to the annealing procedure used in our experiments and that the similarity of the DFT and Pb 4f NIXSW values for the Pb-Ag͑111͒ distance is likely to be fortuitous. We interpret the Pb 4f XPS data as indicating that the Pb atom can detach from the PbPc molecule when it is adsorbed in the "Pb-down" position, leading to the formation of a Pb-Ag alloy and the concomitant reduction in Pb from a Pb 2+ state ͑in bulklike films of PbPc͒ to Pb 0 . In contrast to SnPc, neither PbPc nor CoPc forms a well-ordered monolayer on Ag͑111͒ via the deposition and annealing procedures we have used. Our DFT calculations show that each of the phthalocyanine molecules donate charge to the silver surface, and that back donation from Ag to the metal atom ͑Co, Sn, or Pb͒ is only significant for CoPc.
I. INTRODUCTION
Metal phthalocyanine ͑MPc͒ molecules play a central role in the study of organic-inorganic interfaces and, more broadly, in the field of molecular electronics. This is largely due to their high thermal stability and ease of sublimation, 1 their propensity to form well-ordered assemblies on a variety of solid surfaces, [2] [3] [4] [5] [6] [7] and their fascinating and tunable ͑opto-͒electronic properties. 8 MPcs have also been the subject of a variety of pioneering single molecule imaging, spectroscopy, and manipulation experiments, ranging from the seminal work of Gimzewski et al. 9 and Lippel et al. 10 on imaging intramolecular features using the scanning tunneling microscope ͑STM͒ to the elegant experiments of Zhao et al. 11 and, more recently, Wang et al. 12 where an STM has been used to very precisely modify and engineer the internal structure of individual molecules.
As was shown particularly well by Zhao et al., 11 the precise chemical and structural environment of the metal atom at the center of a MPc molecule is key to controlling the electronic properties of the molecule ͑and, indeed, the local environment of the molecule͒. STM measures the local density of states ͑within an energy window whose width is determined by the bias voltage applied to the sample or tip͒ and it is thus problematic at best to extract a "true" moleculesubstrate or M-substrate separation from STM data alone. A number of researchers have therefore used the x-ray standing-wave ͑XSW͒ spectroscopy technique to determine the separation of both the central metal atom and the molecular "framework" from the underlying surface on which its adsorbed: Gerlach et al. 13 carried out a detailed study of adsorption-induced distortion of perfluorinated copper phthalocyanine molecules and Stadler et al. 5 had determined the structure of SnPc adsorbed on Ag͑111͒ using photoemissionbased XSW ͓their measured value for the Sn-Ag͑111͒ separation of 2.41 Å was reproduced in an Auger-based XSW study of the SnPc/Ag͑111͒ by our group 6 ͔. Stadler et al. 14 had also recently used normal-incidence x-ray standing-wave spectroscopy ͑NIXSW͒ to examine how intermolecular interactions can be tuned in SnPc ͑sub͒monolayers on Ag͑111͒.
Here we present the results of a combined experimental and theoretical study of the adsorption of three different MPc molecules, CoPc, PbPc, and SnPc, on the Ag͑111͒ surface. The predictions of density-functional theory ͑DFT͒ calculations are compared with the results of NIXSW spectroscopy, STM, and x-ray photoelectron spectroscopy mea-surements of a 1 monolayer ͑ML͒ coverage of each phthalocyanine molecule on the silver surface. Unlike SnPc, neither CoPc nor PbPc forms a well-ordered monolayer under the deposition and annealing conditions used in our study. ͑This proviso is important given the kinetic limitations observed in the assembly of phthalocyanine monolayers in previous studies͒. For CoPc, however, there is a relatively high level of order associated with the positions of the Co atoms with respect to their vertical separation from the underlying Ag͑111͒ surface, indicating that the majority of molecules adsorb in a similar configuration with regard to the placement of the Co atom. A similarly high level of coherence has been observed in previous XSW studies of the SnPc/Ag͑111͒ system. For PbPc, the coherence is markedly lower and, when the NIXSW results are considered in parallel with XPS and STM data, suggests that the Pb atoms for those molecules adsorbed in the "Pb down" configuration react with the underlying Ag͑111͒ surface, forming a Pb-Ag alloy.
We highlight at this point the recent work of Stadler et al. 14 which has shown that there can be a significant coverage dependence for SnPc interactions on the Ag͑111͒ surface. Given that the primary goal of our experimental measurements and theoretical calculations was an intercomparison of the adsorption properties of different MPc molecules we have striven to treat all three molecules on an "equal footing" in terms of sample preparation and the setup of the molecule-substrate clusters used in the DFT work. As such, we have aimed to prepare a 1 ML coverage ͓via deposition onto the Ag͑111͒ surface held at 300°C͔ and have considered only isolated MPc molecules in the DFT calculations. Given the results of Stadler et al. for the SnPc-Ag͑111͒ system, however, it is likely that the use of different molecular coverages could modify the XSW results.
II. DENSITY-FUNCTIONAL THEORY
There has been some discussion of how best to describe the d levels of the central transition-metal atom of porphyrin and phthalocyanine molecules, [15] [16] [17] [18] but no consensus has yet been reached. Using the TURBOMOLE ͑Ref. 19͒ package we have performed first-principles calculations using unrestricted DFT with the generalized gradient approximation ͑GGA͒ parametrization by Perdew-Burke-Ernzerhof ͑PBE͒ for the exchange-correlation energy 20 and the resolution-ofthe-identity ͑RI͒ approximation. 21, 22 The basis sets are double-zeta split valence augmented by polarization function DZVP2, for all atoms except Sn and Pb for which larger triple-zeta split valences, augmented by the double polarization function TZVPP2, are used to describe the complex nature of the electronic shells of these atoms. Effective core potentials ͑ECPs͒ are used to take into account scalar relativistic effects, ECP-28-MWB ͑Ref. 23͒ for Ag, ECP-28-MDF for Sn, and ECP-60-MDF ͑Ref. 24͒ for Pb.
In all calculations, we have employed a cluster representation of the Ag͑111͒ surface to describe MPc-surface adsorption. Each system under study contains 226 atoms: one MPc molecule with 57 atoms and an Ag 169 cluster with three layers. We used two Ag͑111͒ cluster models. One model has an on-top site in the center on one side and a fcc-hollow site in the center of the flip side. The other model has a hcphollow site in the center on both sides. In addition, the free MPc molecules were optimized within the same framework. All atoms were allowed to fully relax in the geometry optimizations, which were performed with convergence criterions 10 −6 hartree on energy and 10 −3 bohr on gradient. In our calculations, three initial configurations with MPc adsorbed on three high-symmetry sites hcp, fcc, on-top on Ag͑111͒ surface have been considered. We placed the center of mass of each MPc, namely, the central metal atom, on each of these sites and performed a geometry optimization.
III. EXPERIMENT

A. Overview of NIXSW
We refer the reader to review papers by Woodruff 25, 26 and Zegenhagen 27 for in-depth discussions of the theory underlying NIXSW. In the following we briefly cover only the key principles of XSW. When crystal planes of spacing d H are illuminated with x rays of wavelength at an angle , diffraction will occur, as described by the Bragg equation, 2d H sin = n. When this equation is satisfied, the incident and reflected wave fields interfere, producing an x-ray standing wave which penetrates into the crystal and extends well beyond the surface. To circumvent problems related to the degree of crystal perfection-in particular, the sample mosaicity-required to carry out XSW measurements, the Bragg condition's turning point at = 90°is exploited in normal-incidence XSW ͑see Ref. 25 for a discussion͒.
The first requirement in a standing-wave experiment is therefore to obtain a suitable standing-wave generator, usually a crystal. Suppose now that there are atoms or molecules adsorbed at the surface of the crystal. Each adsorbate will be "bathed" in the x-ray standing-wave field and will therefore emit photoelectrons, Auger electrons, and/or x-ray photons with a yield, Y, proportional to the x-ray intensity at the adsorbate position. The intensity of the standing-wave field at the adsorbate position can be changed by varying the photon energy ͑within the reflectivity region͒. As discussed at length by Woodruff, 25 the yield can be written as
where R is the x-ray reflectivity, f co is the coherent fraction-a number between 0 and 1 which represents the degree of order associated with the occupation of a particular site, and D is the coherent position-the position of the adsorbate with respect to the ͑extended͒ bulk lattice planes. Triangulation of an adsorbate position can be achieved by using a number of complementary allowed reflections. If photoelectron yield is used to monitor x-ray absorption, the contribution of higher-order ͑multipole͒ contributions beyond the standard dipole approximation must be taken into consideration. 28 The consequence for NIXSW is that the photoemission-derived yield is no longer symmetric with respect to incident and reflected x-ray wave fields. 29 To account for the asymmetry arising from the higherorder components of the electromagnetic field-in particular, the cross terms involving the electric quadrupole and mag-netic dipole terms, E1·E2 and E1· M1-an asymmetry parameter, Q ͑Ref. 28͒ has been introduced. A general formalism developed by Vartanyants and Zegenhagen 30 includes multipole effects related to matrix elements that describe the scattering process, such as the photoionization energy, initial bound electron state, and the experimental geometry ͑how-ever, currently only a description for the s state is available͒. Lee et al. 31 had shown that interference terms from the more rigorous treatment in Ref. 30 have little effect on the structural parameters D and f co . Here we will treat the data in terms of Q alone, an approach also adopted by Stadler et al. 5 in their NIXSW study of SnPc adsorption on Ag͑111͒. While our ͑and Stadler et al. ' s͒ NIXSW measurements involve photoemission from p or d orbitals, for which a theoretical framework is currently lacking, we note that the results of previous Auger-based 6 and photoemission-based ͑Sn 3d͒ ͑Ref. 5͒ NIXSW experiments on an MPc/Ag͑111͒ system have agreed within experimental error.
We can write the yield, Y, in terms of Q;
It is important to note that theoretical calculations do not have to be relied upon to determine Q. The asymmetry parameter can be derived experimentally provided a completely disordered adsorbate overlayer can be created. In this case f co = 0 and Eq. ͑2͒ reduces to
Thus, the photoemission yield is the x-ray reflectivity multiplied by the ͑1+Q͒ / ͑1−Q͒ factor.
B. Substrate and Pc overlayer preparation
The substrate, a Ag͑111͒ single crystal, was cleaned in UHV using standard argon ion sputter and thermal annealing cycles of 550°C. No contamination of the surface was detected using x-ray photoelectron spectroscopy ͑XPS͒. ͑An unmonochromated Mg Ka source was used for XPS measurements, unless otherwise stated, giving a FWHM of 1.2 eV for the Ag 3d 5/2 linewidth.͒ Sn-, Pb-, and Co-phthalocyanine molecules were purified by vacuum sublimation cycles 1 before being introduced into the experimental chamber. The source material was then thoroughly degassed in a standard Knudsen cell up to and just beyond the deposition temperature of 410°C ͑represent-ing a deposition rate of approximately 1 ML/min͒. In all evaporated films no contaminants were detected and the ratio of Me:C was found to be in reasonably close agreement with that expected from consideration of the theoretical photoemission cross sections and the composition of the molecule. Pc assemblies on the Ag͑111͒ surface were prepared by depositing the molecules onto the substrate held at 300°C͑Ϯ30°͒.
The STM measurements were carried out in an Omicron variable temperature STM system using electrochemically etched tungsten tips and a Ag͑111͒ substrate prepared as discussed above.
C. NIXSW: Experimental details and estimation of asymmetry parameter
NIXSW experiments were performed on beamline 4.2 at the SRS, Daresbury Laboratories, Warrington, U.K. ͑the SRS closed in August 2008͒ and beamline ID 32 at the ESRF Grenoble, France. Each NIXSW UHV chamber had a highprecision manipulator, allowing sample translation in the x , y , z directions, 360°rotation in the horizontal plane and Ϯ90°in the azimuthal plane. The manipulator also incorporated either an electron beam ͑e-beam͒ or direct current heater. Low-energy electron diffraction ͑LEED͒ optics were available on both the Daresbury and ESRF systems. SRS Beamline 4.2 was also equipped with an XPS source and UV lamp.
Photoemission, Auger, and NIXSW spectra on BL 4.2 were recorded using a hemispherical analyzer ͑from PSP͒ with an acceptance angle of between 9°and 13°for the kinetic energies and pass energy ͑100 eV͒ used for our measurements. The analyzer was positioned at 40°to the incoming light ͓provided by a double crystal ͑InSb͒ monochromator͔. On ID32, spectra were recorded using a hemispherical analyzer ͑Physical Electronics͒ positioned at 45°to the incoming light provided by a double crystal monochromator.
NIXSW spectra were obtained by first orienting the substrate such that at the Bragg energy the reflectivity was maximized. The subsequent standing-wave spectra were obtained by incrementally increasing the photon energy through the reflectivity region. Adsorbate and substrate NIXSW spectra were recorded simultaneously with the latter giving a measure of the Bragg position and degree of instrumental broadening. The structural quality of the crystal was assessed using LEED and NIXSW measurements of the substrate's Ag MNN and Ag 3d spectra. A sharp ͑1 ϫ 1͒ LEED pattern with a low background was obtained, while the NIXSW structural parameters of f co = 0.84Ϯ 0.09 and D = 0.98Ϯ 0.02 for the ͗111͘ reflection indicated that the mosaicity of the crystal was acceptable.
In order to determine the asymmetry parameter, Q, phthalocyanine films thick enough to mask detection of substrate photoemission were grown on the Ag͑111͒ substrate while it was held at room temperature. This was to ensure disordered growth, indicated by the absence of any LEED pattern, suitable for calculating the Q value required 32 for fitting the C 1s, Co 2p, and Pb 4f core-level XSW spectra. The Q values are given in Table I . Interestingly, the C 1s associated nondipolar correction value, Q differs between the SnPc and PbPc bulk films. Stadler et al. 5 also showed a lower than expected value for SnPc C 1s ͑in agreement with our own͒ as compared to other authors measuring phthalocyanine films on the same beamline. 13 Fisher et al. 28 showed in theoretical work that the C 1s Q parameter is 0.3. However, in some of their experimental work they also arrive at a value of 0.22. Film thickness is not thought to be the root cause for the discrepancy as SnPc and PbPc thick films are well in excess of 15 nm. Additionally, previous work with the Ce@ C 82 endofullerene 33 gave a value of 0.31 for a ML coverage. The underlying reason for the lower C 1s Q value in the case of SnPc is thought to stem from ordering of the molecular layers.
IV. RESULTS
A. CoPc
CoPc is a planar molecule with D 4h symmetry ͑unlike the "buckled" SnPc and PbPc molecules discussed in Secs. IV B and IV C below͒. Figure 1 shows top and side views of the most stable bonding geometry for CoPc on Ag͑111͒ resulting from our DFT calculations. There is a clear preference for on-top and bridge site bonding, in stark contrast to the preference for bonding at the hcp site shown by both SnPc and PbPc. As can be discerned from Fig. 1 , the CoPc molecule largely retains its planar character on adsorption with only a small distortion of the aromatic groups, manifesting as they bend away from the surface. The adsorption of CoPc leads to a significant movement of the Ag atom to which the molecule is bonded out of the surface plane ͑by approximately 0.3 Å͒. The CoPc-Ag͑111͒ binding energy predicted by DFT is 1.40 eV and, as listed in Table II ͑in Sec. V͒, the calculated Co-Ag͑111͒ bond length is 2.88 Å.
NIXSW measurements of a CoPc monolayer on Ag͑111͒ were carried out at the ESRF on beamline ID32. CoPc proved to be robust and stable despite the high flux of x-ray photons, and we did not observe any measurable degradation of the molecule ͓as opposed to the significant beam damage we have observed for other large organic molecules we have previously studied on ID32 ͑Ref. 34͔͒. We used Co 2p photoemission as the NIXSW "probe" and, as discussed in Sec. II, estimated the Q value from NIXSW profiles for thick films of CoPc. NIXSW data with adequate signal-to-noise ratio were not acquired.͒ For all but one of the experiments we carried out ͑both NIXSW spectroscopy and, as detailed below, STM͒ we did not observe a LEED pattern for a monolayer coverage of CoPc on Ag͑111͒. On a single occasion, however, a weak LEED pattern was observed for the first deposition of a CoPc monolayer ͑onto a surface held at 300°C͒ using a new ͑but thoroughly degassed͒ "charge" of material in the evaporation cell. Repeated attempts to reproduce the pattern were unsuccessful. This may point to the importance of temperaturedependent kinetic limitations in forming well-ordered CoPc assemblies. Similar arguments have recently been made by Chang et al. for phthalocyanine adsorption on metals 35 and it is clear from work on SnPc ͑Refs. 5, 6, and 14͒ that there is a rich parameter space underpinning the self-assembly of phthalocyanines on metal surfaces.
STM images of a CoPc monolayer on Ag͑111͒ are shown in Fig. 3 . A Fourier transform of Fig. 3͑a͒ is shown in the inset to the figure. A clear ring, betraying the presence of a well-defined correlation length, is observed but there are no clear spots observed, indicative of a lack of orientational order. While it is possible to identify regions of short-range order in Fig. 3 , it is clear that the monolayer is far from well ordered. Moreover, this disorder appears to be static rather than dynamic and thus represents a "quenched" or "frozenin" molecular gas phase rather than the lattice gas observed by Berner et al. 36 for two-dimensional ͑2D͒ phases of subphthalocyanine molecules on Ag͑111͒. In addition, in our case the Fourier transform is not representative of a liquidlike structure factor. There are many similarities between the disordered phase observed in Fig. 3͑a͒ and that observed by Lackinger and Hietschold for SnPc on Ag͑111͒. As those authors point out, similar disordered phases have been observed for SnPc on graphite 37 and CuPc on Ag͑110͒. 38 The acquisition of both NIXSW and STM data for the CoPc system enables us to address a perennial question associated with the imaging of phthalocyanine molecules: to what extent does the apparent height of the central metal atom above the substrate surface, as measured by STM, differ from the true "topographic" height? Figure 4 shows STM images taken with positive and negative sample bias respectively where it is clear that the electronic structure of the molecule strongly influences the measured "height" of the Co atom. As pointed out by Hipps, Lu et al., 39, 40 STM imaging of adsorbed phthalocyanine molecules is strongly dependent on the metal d-orbital participation in the frontier molecular orbitals ͓i.e., highest occupied molecular orbital ͑HOMO͒ and lowest unoccupied molecular orbital ͑LUMO͔͒ closest to the Fermi level. This is particularly important for CoPc where cobalt has a d 7 configuration and where the partially filled d z 2 orbital or the ͑d xz , d yz ͒ orbital pair give rise to an enhanced contrast above the center of the CoPc molecules. 40 In our case, for filled state images taken with a bias voltage of −1.1 V, the central Co atom appears 130͑Ϯ10͒ pm above the Ag͑111͒ surface. ͓We stress that this is a lower limit as the measurements were taken for a relatively high CoPc coverage where the finite radius of curvature of the tip affects the determination of the apparent height of the Co atoms above the Ag͑111͒ surface.͔ This value should be compared both with the apparent height of Co above the Au͑111͒ surface in the CoPc/Au͑111͒ STM data reported by Lu et al. 40 ͑0.35 nm͒ and the value of the Co-Ag͑111͒ separation determined from the NIXSW data shown in Fig. 2 . A very crude estimate of the height of the Co atom "above" the Ag͑111͒ surface can be made by subtracting the covalent radius of Ag ͑134 p.m.͒ from the CoAg͑111͒ value determined from the XSW measurements, yielding an "apparent height" of 150Ϯ 10 pm. It is of course, highly likely that the agreement between the STMand NIXSW-derived "apparent height" values in this case is entirely fortuitous. Future work, based on combined DFT simulations and STM measurements of the CoPc/Ag͑111͒ system, will focus on elucidating the relationship between the applied bias voltage and the apparent height of the Co atom at the center of the Pc molecule.
From a comparison of filled-and empty-states images for CoPc adsorbed on Ag͑111͒ ͑Fig. 4͒ it is clear that there is a significant filled state density ͑relative to that of the molecular framework͒ within an energy window of 1.1 eV below the Fermi level which is associated with the central Co atom. In the filled states image acquired at 0.5 V, the Co atom appears at the same apparent height as the surrounding aromatic groups of the phthalocyanine molecule. Our DFT calculations of the CoPc/Ag͑111͒ system are consistent with previous studies of CoPc/Au͑111͒, 11 which show that the interaction between the molecule and substrate clearly changes the electronic structure and magnetic moment of the adsorbed CoPc molecule. In the CoPc/Ag͑111͒ adsorption system the magnetic moment due to one unpaired d electron of the Co atom is completely quenched by the molecule substrate interaction ͑see Fig. 5͒ . This disappearance can be explained as a direct charge-density transfer from silver sp states to the previously unoccupied CoPc valence state, in particular to the LUMO of d z 2 character. [41] [42] [43] The preferred binding site of CoPc on Ag͑111͒ is dictated by the Co atom, which coordinates to the silver surface by its d orbitals, particularly d z 2. Due to the symmetry of the d z 2 orbital the most favorable overlap with the silver states is when Co is bonded directly to a silver atom ͑on-top binding site͒, i.e., the Co d z 2 interaction dominates over the interaction of nitrogen p z orbitals with the Ag d ͑yz͒͑xz͒ states. This latter interaction produces hollow site binding on other surfaces. 18 A comparison of the partial density of states ͑PDOS͒ for CoPc/Ag͑111͒ for both filled and empty states within a 1 eV window above and below the Fermi level ͑see Fig. 6͒ shows that in the occupied region between 0 and 1 eV there are eight orbitals with a Co 3d contribution ͑five with 3d z 2 character, at −0.034 eV, −0.152 eV, −0.223 eV, −0.740 eV, and −0.773 eV͒, two orbitals with 3d xz͑yz͒ character ͑−0.439 eV and −0.442 eV͒, and an orbital with d xy character at −0.834 eV. There is only a small contribution of the 3d-Co orbitals to the unoccupied density of states. We have calculated STM images at a bias voltage of −1.1 and +1.1 eV bias using the DFT wave function, i.e., neglecting interaction between the tip and the surface. Figure 6͑a͒ , which corresponds to a −1.1 eV bias, shows clearly that there is a large charge density located on the Co atom, in contrast to the +1.1 eV bias. The DFT results are therefore in good qualitative agreement with the STM data shown in Fig. 4 .
B. SnPc
NIXSW and STM data for ͑sub͒monolayer coverages of SnPc on Ag͑111͒ have been previously published and discussed at length. 4, 5, 14 Here we briefly summarize previously published NIXSW and STM results before moving on to compare the results of our DFT calculations with those data.
Stadler et al. 5, 14 had carried out careful and comprehensive investigations of the various incommensurate and commensurate phases formed by mononolayer and submonolayer coverages of SnPc on Ag͑111͒. An incommensurate monolayer formed at room temperature, with the Pc molecules adsorbed in a "Sn down" geometry with a Sn-Ag͑111͒ separation of ϳ2.41 Å. The Sn atom was found to be located Ϸ0.8 Å below the carbon and nitrogen atoms and there was a significant "backbending" of the benzene rings of the molecule toward the surface. For a submonolayer ͑0.68-0.88 ML͒ film cooled to 150 K, Stadler et al. 5 found that SnPc assembled in a commensurate phase involving a mixture of "Sn up" or "Sn down" molecules. In this phase, assuming that both adsorption geometries were equally probable ͑and had an associated coherent fraction of 0.9͒, Stadler et al. 5 determined the Sn-Ag͑111͒ separation ͑averaged from the results for two different samples͒ as 2.48 Å for the "Sndown" molecules and 3.96 Å for the "Sn-up" configuration.
Stadler et al. used photoemission-based NIXSW to determine the Sn-Ag͑111͒ separation. In an Auger-based NIXSW study, 6 we reproduced ͑within experimental error͒ the Sn- Ag͑111͒ separation of 2.41 Å reported by Stadler et al. 5 for SnPc on Ag͑111͒. We used, however, a slightly different method of sample preparation-deposition onto a substrate held at 300°C rather than postdeposition annealing-which led to some subtle differences in the self-assembly of the Pc molecules. In particular, we observed a rather counterintuitive bending of the benzene rings of the molecule away rather than toward the Ag͑111͒ surface ͑as was reported by Stadler et al. 5 ͒. Figure 7͑a͒ shows the adsorption geometry for SnPc on Ag͑111͒ ͑for an adsorbed layer prepared by molecular deposition onto a substrate held at 300°C͒ determined from our NIXSW measurements.
The results of our DFT calculations indicate that adsorption of SnPc on Ag͑111͒ induces significant distortions in the puckering of the Pc part of the molecule, as compared to the free molecule ͑see Fig. 8͒ . The Sn-Ag͑111͒ distance predicted by DFT is 2.48 Å, a value which is close to, but slightly larger than our experimentally measured value of 2.31Ϯ 0.09 Å and that of Stadler et al. We note at this point that our DFT calculations do not properly account for the dispersion interactions ͑instantaneous induced dipoles͒ between the Pc molecule and the Ag͑111͒ surface. However, dispersion is the smallest of the attractive intermolecular forces and DFT performs reasonably well for electrostatic and polarization interactions which are more prominent in the case of a molecule with a pronounced dipole ͑multipole͒ moment with a metal surface ͑where the covalent contribution to the binding energy is largest͒. We expect a slight increase in the binding energy and a slight decrease in the adsorption distances MPc-Ag͑111͒ for the case where dispersion is properly included.
For an isolated molecule on the Ag͑111͒ surface, at least, the DFT results show that SnPc becomes flatter and the molecular plane is almost parallel to the surface. This can be seen in the measure of the height of the free and adsorbed metal phthalocyanine and the "shuttle-cock angle" ͑i.e., the angle between the outermost hydrogens and the central metal atom with regard to the Ag surface normal͒ ͑Fig. 7͒. The distance from the central metal atom to the outermost hydrogens, a measure of the height of the molecule, and the angle between these hydrogens and the central metal atom with regard to the Ag surface normal for adsorbed SnPc and PbPc are 1.4 Å and 100.5°and 1.41 Å and 100.6°, respectively, as compared to 1.91 Å and 105.3°, and 2.35 Å and 107.6°f or the free SnPc and PbPc molecule, respectively.
C. PbPc
PbPc has a similar "shuttlecock" shape to SnPc. From previous calculations, 44, 45 for the free PbPc molecule, the overall "height" of the molecule ͑from the Pb atom to the hydrogen atoms of the benzene rings͒ is ϳ2.3 Å. These values are in good agreement with our DFT calculations for the free molecule where the molecular height was found to be 2.35 Å and the angle between the central hydrogen atoms and the central metal atoms was 107.6°. On adsorption on Ag͑111͒, however, and as was also observed for SnPc, the DFT results show that there are significant distortions in the puckering of the Pc molecule as compared to the free molecule. As shown in Fig. 8 , the PbPc molecule flattens substantially and the molecular plane becomes almost completely parallel to the Ag͑111͒ surface. The Pb-Ag͑111͒ distance determined from our DFT calculations is 2.76 Å. Figure 9 is the ͑111͒ NIXSW profile for 1 ML of PbPc on Ag͑111͒ ͑prepared, as for the other phthalocyanine molecules, via deposition onto a substrate held at 300°C͒. The coherent position, D, extracted from a fit to the data is 0.2d Ag͑111͒ or, given that NIXSW cannot distinguish between coherent positions which are separated by integer values of the plane spacing, 1.2d Ag͑111͒ ͑f co = 0.71Ϯ 0.07͒. A value of 0.2d Ag͑111͒ , i.e., 0.47Ϯ 0.05 Å is of course not consistent with a "Pb down" adsorption geometry of the molecule, assuming the Pb remains bound to the Pc macrocycle, as the Pb-Ag bond length is unphysically small. An alternative possibility ͑assuming a single adsorption geometry͒ is that the molecule adsorbs in a "Pb down" orientation with D = 1.2d Ag͑111͒ = 2.83Ϯ 0.05 Å. This would appear to be in good agreement with the DFT result ͑2.76 Å͒ but there are two key problems with this interpretation of the NIXSW data which we shall now discuss. Figure 10 shows Pb 4f core-level spectra for a thick ͑bulklike͒ film of PbPc and a monolayer prepared by depositing the pthalocyanine molecules onto the Ag͑111͒ substrate held at 300°C. There is a clear shift of the Pb 4f core level by 2 eV to lower binding energy for the PbPc monolayer as compared to the spectrum for the thick PbPc film. A very similar shift of the Pb 4f core-level peaks to lower binding energy has been observed for thick vs thin films of PbPc deposited on both Pt͑111͒ 46 and InSb͑100͒. 47 In both cases, and as is also the case for the study described here, the 2 eV shift is indicative of a reduction in the lead from a Pb 2+ oxidation state ͑for Pb in the free PbPc molecule͒ to a Pb 0 state. Papageorgiou et al. 46 interpreted this change in oxidation state to a strong interaction of the Pb atom with the Pt͑111͒ surface ͑possibly involving the detachment of the Pb atom from the macrocycle͒ and the formation of a Pb-Pt alloy. They noted that this interpretation was supported by the observation that a Pb 0 core-level peak was still observed even after repeated cycles of Ar + sputtering of the Ag͑111͒ surface and annealing under 0 2 . Giovanelli et al. 47 had also studied PbPc but on a less reactive surface, InSb͑100͒-͑4 ϫ 2͒. They observed a similar reduction in the Pb atom upon annealing to 325°C and also attributed it to a bonding with the substrate.
The second problem with an interpretation of the Pb 4f NIXSW data in terms of a single adsorption site with a PbAg͑111͒ bond distance of 2.83 Å relates to the C 1s NIXSW data for this system. The average position of the carbon atoms above the Ag͑111͒ surface, as determined from C 1s NIXSW spectra, is 2.93Ϯ 0.05 Å with a coherent fraction of 0.49Ϯ 0.02. This is a great deal smaller than the value of 3.9 Å determined from DFT and, indeed, much smaller that the value of 3.61Ϯ 0.16 Å determined experimentally for the SnPc molecule on Ag͑111͒ ͑using the "deposition onto a hot substrate" method of sample preparation͒. We propose that the anomalously low value of the average macrocycleAg͑111͒ distance determined from the C 1s NIXSW data has a similar origin to the changes in the Pb 4f spectra discussed above and arises largely from the detachment of the Pb atom from the PbPc molecules. In addition, we find, perhaps somewhat surprisingly, that the coherent fraction associated with the carbon atoms of the PbPc molecules, 0.49Ϯ 0.02, is rather larger than the value of f co measured for SnPc, 0.36Ϯ 0.09. The higher value of f co observed for PbPc may possibly arise from a relaxation of the macrocycle following detachment of the Pb atom.
On the basis of the XPS data shown in Fig. 10 , therefore, the best explanation for the M-Ag͑111͒ D value we have measured for PbPc is that, in some cases, the Pb atom has detached from the Pc macrocycle due to a strong interaction with the Ag͑111͒ surface. Dalmas et al. 48, 49 had shown that Pb can form a two-dimensional Ag 2 Pb surface alloy on Ag͑111͒, despite the lower surface energy and larger atomic radius of Pb as compared to Ag. A simple interpretation of the measured ͗111͘ coherent position ͑ϳ0.5 Å͒ as the "vertical" Pb-Ag separation within the surface alloy is, however, flawed because it is likely that there is a distribution of PbPc molecules in the "Pb down," "Pb up," and "Pb detached" states. Indeed, STM images of a PbPc/Ag͑111͒ monolayer prepared via phthalocyanine deposition onto an Ag͑111͒ surface held at 300°C ͑Fig. 11͒, in addition to showing the presence of a poorly ordered Pc monolayer following adsorption of PbPc onto the Ag͑111͒ surface ͑again, held at a temperature of 300°C during deposition͒, show a distribution of bright features which may arise from a relatively small number of "Pb up"-oriented PbPc molecules. If we threshold the STM data as shown in Fig. 11͑b͒ that the brighter features in Fig. 11͑a͒ arise from tunnelling into the Pb center of molecules adsorbed in the "Pb-up" geometry, then we can make a rough estimate of the total number of molecules adsorbed in the "Pb down" geometry, ϳ80%. This is broadly in line with the XPS data for the PbPc monolayer shown in Fig. 10 where it is clear that the majority of the Pb atoms are in a Pb 0 rather than Pb 2 oxidation state. A direct quantitative comparison of the STM and XPS data is problematic as the samples were prepared in different UHV systems and the error bar in the temperature measurements is Ϯ30°C in each case.
With our current data set it is thus not possible to ascertain definitively the relative numbers of "Pb up," "Pb down," and "Pb detached" molecules which comprise a PbPc monolayer on Ag͑111͒. Suffice it to say that, contrary to the CoPc and SnPc cases, it appears clear that PbPc reacts with the Ag͑111͒ surface at modest temperatures ͑ϳ300°C͒, with the Pb atom being reduced from its Pb 2+ state in the free PbPc molecule to a Pb 0 state at the Ag͑111͒ surface. The most plausible interpretation of our NIXSW, XPS, and STM data is that this reaction produces a surface Pb-Ag alloy, severely compromising the ability to form a well-ordered PbPc monolayer on the Ag͑111͒ surface. It would, of course, be interesting to repeat the measurements for samples formed by deposition of PbPc onto an Ag͑111͒ surface held at room or lower temperature.
V. COMPARISONS OF PHTHALOCYANINE ADSORPTION
A comparison of the binding energy of Pc molecules at various sites on the Ag͑111͒ surface is given in Table III.  Table II compares the values predicted by our DFT calculations for the separation of the metal atom and the carbon rings from the Ag͑111͒ surface for CoPc, PbPc, and SnPc with those measured using NIXSW. There is excellent agreement between the DFT calculated and NIXSW-derived value of the Co-Ag͑111͒ distance and a good match between the Sn-Ag͑111͒ DFT calculation and NIXSW measurement ͑al-though the DFT value is outside of experimental error͒. Similarly, the average separation of the SnPc carbons from the Ag͑111͒ surface as determined by DFT, 3.7 Å is in good agreement with that measured by NIXSW, 3.61Ϯ 0.16 Å ͑albeit with a large experimental error bar͒. Metal-metal bond lengths are, however, generally overestimated with DFT. In addition, it is important to realize that the DFT calculations do not treat van der Waals interactions correctly, which means that any additional nonbonded interaction between the surface and the macrocycle is underestimated.
Our calculations show that all three MPc molecules investigated in this study bind to the Ag͑111͒ substrate through the metal atom M ͑M =Co,Sn,Pb͒. To better understand the interaction between the phthalocyanine molecules and the silver surface, we plot the frontier orbitals of each of the molecules and compare their energies to our calculated Ag͑111͒ Fermi level 50,51 ͑Fig. 12͒. As can be seen, the Fermi level crosses the HOMO-LUMO gap for SnPc and PbPc but is between the LUMO and LUMO+ 1 levels for CoPc. We have tracked the modification of the molecular orbitals of the free molecules upon interaction with the substrate by means of PDOS plots ͑Fig. 13͒.
To describe charge transfer at the MPc/Ag͑111͒ interface we have analyzed the charge-density distribution using Mulliken population analysis. The definition of Mulliken charges has its limitations but, when used correctly, can still give useful information about partial atomic charges. Table IV shows the charges of the central metal atom and Pc ligand for free and adsorbed MPc and the charge on the silver cluster after adsorption. All molecules in this study donate electrons to the Ag surface, resulting in accumulation of electron density below the absorbed molecules, in agreement with the speculated charge transfer for SnPc bonded to Ag͑111͒.
14 From Table IV we can draw the conclusion that the donated electronic charge is from the Pc macrocycle to silver, amounting to 1.39, 1.01, and 0.45 electrons for CoPc, SnPc, and PbPc, respectively. This could be achieved through both depopulation of the HOMO or donating bonds ͑dative bonding͒ of occupied Pc-dominated MOs and the surface mediated by the central metal atom M = Co, Sn, Pb ͑e.g., HOMO-1͒. Inspection of Fig. 13 shows that the charge transfer is mainly through the latter mechanism since no depopulation of the HOMO is seen in either the Pc PDOS of SnPc or PbPc. On the contrary, one can see a partial population of the Pc-dominated LUMO in SnPc when surface bound ͑as referred to in relation to unpublished UPS data in Ref. 14͒ . In CoPc there is in addition considerable back donation from Ag to Co ͑0.44 electrons͒ by population of its LUMO, which is lower in energy than the Ag Fermi level ͑see Fig. 12͒ , and is connected to the quenching of the CoPc magnetic moment when the molecule is surface bound ͑see Fig. 5͒ . The occupation of the CoPc LUMO, which is a spin orbital, results in a formal reduction in the oxidation state from Co͑II͒ to Co͑I͒ upon binding to Ag͑111͒. Such backdonation to the central metal atom is negligible in SnPc and PbPc ͑amounting to 0.11 electrons for both molecules͒.
Both SnPc and PbPc possess a lone pair oriented along the fourfold axis. This feature, and the shuttlecock shape of the molecules, gives rise to a directional anisotropy and dictates their adsorption geometry on different substrates. 52 The lone pair has mixed s and p character and corresponds to the HOMO-1 orbital ͑see Fig. 12͒ . On adsorption we find that both SnPc and PbPc bind to the two hollow binding sites ͑i.e., fcc and hcp͒. The metal ion PDOS changes considerably ͑see Fig. 13͒ , which indicates strong mixing of the Sn and Pb orbitals with sp and d bands of Ag͑111͒.
The Sn atom coordinates with the silver states largely via its HOMO-1 orbital. In addition, coordination by the 4d orbital for Sn and, similarly, the 5d and 4f orbitals for Pb is also present and provides valuable physical and chemical information about the nature of the molecule-surface interaction. 44 When bound to either the hcp or fcc hollow site, the Sn and Pb orbitals can overlap with those of the surface most effectively. Our calculations reveal that the extra stabilization on the hcp-hollow site over the fcc-hollow site comes from an overlap of the central metal orbitals with the d z 2 orbital of a second layer Ag atom. The difference in the puckering of the free and adsorbed SnPc and PbPc molecules show also that the phthalocyanine system is strongly affected by binding to the Ag͑111͒ surface, as has been seen for other molecules. [53] [54] [55] The PDOS of the SnPc ligand shows a downshift in energy, which can be assigned to a charge redistribution, and arises from a significant interaction between the Sn atom and the Ag surface leading to a loss of electrons for Sn ͑reduction in Sn PDOS peaks͒ close to the Fermi level, and subsequent transfer of electrons from the macrocycle to Sn, resulting in an effective charge transfer from Pc to Ag͑111͒. This down shift in energy for the Pc ligand is also observed for CoPc, and to a lesser degree for PbPc, when bonded to Ag͑111͒.
VI. CONCLUSIONS
We have carried out a comparative study of the adsorption of three phthalocyanine molecules, CoPc, SnPc, and PbPb, on Ag͑111͒ using a range of experimental techniques coupled with DFT calculations. There are very strong differences in the adsorption behavior of each of the Pc molecules on Ag͑111͒. Although in each case adsorption is driven by the interaction of the central metal atom with the Ag͑111͒ surface, we find that only SnPc forms a long range ordered monolayer ͑using the monolayer preparation technique we have used͒. CoPc forms a locally ordered monolayer whereas for the preparation conditions used in our experiments ͑depo-sition onto a substrate held at 300°C͒, we did not observe ordering of PbPc molecules in our STM data. We attribute this to a strong interaction of the central Pb atom with the Ag͑111͒ surface, visible as a shift from an apparent oxidation state of +2 to 0 in XPS spectra, and leading to the formation of a Pb-Ag surface alloy. We find good agreement between the M-Ag͑111͒ distances determined by NIXSW measurements and those predicted by DFT for CoPc and SnPc. Similarly, simulated STM images of CoPc/Ag͑111͒ capture the key features of the experimental STM data and highlight the role that the Co 3d orbitals play in image contrast.
For all three MPc molecules, our DFT results indicate that electronic charge is donated from the Pc macrocycle to the Ag͑111͒ surface mediated by the central metal atom. For CoPc there is in addition a significant backdonation from the substrate to the Co atom, through population of the CoPc LUMO which is lower in energy than the Ag Fermi level. The highest degree of charge transfer is observed for CoPc. Significant differences in molecular geometry-in particular, the "flattening" of the phthalocyanine framework for SnPc and PbPc-are observed for the adsorbed, as compared to the free molecule. Similarly, the electronic structure of the adsorbed phthalocyanine can differ considerably form that of the free molecule-the magnetic moment of CoPc, for example, is quenched upon adsorption on Ag͑111͒. Finally, although the interaction between each MPc molecule and the Ag͑111͒ surface is dominated by M-Ag bonding, an important unaddressed question in our study relates to the contribution of dispersion forces to the total molecule-substrate adsorption energy. We are keen to extend our work to incorporate dispersion interactions within the DFT framework, as has been demonstrated by a number of groups recently. [56] [57] [58] [59] 
